lin-35 Rb Acts in the Major Hypodermis to Oppose Ras-Mediated Vulval Induction in C. elegans  by Myers, Toshia R. & Greenwald, Iva
Developmental Cell, Vol. 8, 117–123, January, 2005, Copyright ©2005 by Elsevier Inc. DOI 10.1016/j.devcel.2004.11.015
Short Articlelin-35 Rb Acts in the Major
Hypodermis to Oppose Ras-Mediated
Vulval Induction in C. elegans
strongest effect on P6.p, which lies immediately under
the anchor cell. Activated LET-23, via a canonical Ras-
MAPK cascade, causes P6.p to adopt the 1 fate and
transcribe the lateral signal, which consists of three
functionally redundant DSL proteins (Chen and Green-
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New York, New York 10032 LIN-12/Notch in P5.p and P7.p, causing them to adopt
the 2 fate and to express negative regulators of the
LET-23-Ras-MAPK pathway (Yoo et al., 2004).
Mutations that constitutively activate the inductive orSummary
lateral signaling pathways cause ectopic induction of
P3.p, P4.p, andP8.p. Each of these VPCs then generatesSpecification of vulval precursor cell (VPC) fates in
vulval cells, which organize into a pseudovulva, the hall-C. eleganshas served asan important signal transduc-
mark of a multivulva (Muv) phenotype. Mutations in an-tion paradigm. Genetic studies have indicated that a
other large group of genes, collectively called syntheticlarge group of synthetic multivulva (SynMuv) genes,
multivulva (SynMuv) genes, also cause a Muv pheno-including theRbortholog lin-35, antagonizes the activ-
type. The SynMuv genes fall into two subgroups, Classity of the EGF receptor-Ras-MAP kinase pathway dur-
A and Class B. Single mutants in each class are pheno-ing VPC specification. A prevalent view has been that
typically wild-type, but when a Class A mutation is com-Rb-mediated transcriptional regulation and chromatin
bined with a Class Bmutation, aMuv phenotype results,remodeling activities act in the VPCs to antagonize
because P3.p, P4.p, and P8.p inappropriately adopt vul-Ras activation through effects on promoters of target
val fates (Ferguson et al., 1987; Ferguson and Horvitz,genes of the EGF receptor-Ras-MAP kinase pathway
1989; reviewed in Fay and Han, 2000). Recently, a thirdthat promote vulval fates. Here, we have investigated
the cellular focus of lin-35 using conventional genetic class, Class C, was defined by mutations that result in
mosaic analysis and tissue-specific expression. Our low-penetranceMuvphenotypes, but synergize strongly
results indicate that lin-35 activity is required in the with mutations in either Class A or Class B (Ceol and
major hypodermal syncytium and not in the VPCs to Horvitz, 2004).
inhibit vulval fates. LIN-35 Rb may inhibit vulval fates SynMuv genes are believed to antagonize the LET-
by regulating a signal from hyp7 to the VPCs or the 23-Ras-MAPK pathway because reducing let-23 activity
physiological state of hyp7. suppresses the Muv phenotype caused by loss of Syn-
Muv gene activity (Ferguson et al., 1987). The first insight
into the molecular function of SynMuv genes came fromIntroduction
the finding that the Class BSynMuv gene lin-35 encodes
the apparent ortholog of mammalian Rb (Lu and Horvitz,Studies of C. elegans vulval development have illumi-
1998). Other Class B SynMuv genes have also beennated conserved signaling pathways and regulatory
shown to encode orthologs of proteins that interactevents underlying cell-cell interactionsduring animal de-
physically or functionally with Rb, including E2F andvelopment (reviewed in Kornfeld, 1997;Wang and Stern-
histone deacetylases (Lu and Horvitz, 1998), as well asberg, 2001; Sundaram, 2004). Wild-type hermaphrodites
components of the NuRD and other chromatin remodel-have six vulval precursor cells (VPCs), consecutively
ing complexes (e.g., von Zelewsky et al., 2000; Solarinumbered P3.p-P8.p, each having the potential to adopt
and Ahringer, 2000; Ceol and Horvitz, 2001). In light offates termed 1, 2, or 3. The 1 and 2 fates are both
the sequence homologies, Lu and Horvitz (1998) pro-vulval fates, as they lead to the production of vulval
posedwhat is now the prevailing view, that lin-35Rb andcells. The 3 fate is a nonvulval fate, as it leads to the
other Class B SynMuv genes antagonize the inductiveproduction of cells that fuse to hyp7, the major hypoder-
signaling pathway by acting in the VPCs to repress tran-mal syncytium. As a result of cell-cell interactions, P3.p-
P8.p normally adopt an invariant 3-3-2-1-2-3 cell scription of genes required for vulval cell fates.
fate pattern. However, the prevalent view is difficult to reconcile
Genetic analysis combined with cell ablation studies with evidence that some SynMuv genes do not function
have shown that the 2-1-2 pattern of vulval fates is in the VPCs. In particular, Herman andHedgecock (1990)
specified by two distinct cell-cell interactions, termed performed genetic mosaic analysis of a deletion that
inductive and lateral signaling (reviewed in Sundaram, concomitantly removes the Class A and Class B genes
2004; see Figure 1). The anchor cell of the gonad is the of the lin-15 locus and found that genetic mosaics that
source of the EGF-like inductive signal, LIN-3, which retained lin-15 activity in the precursor to the VPCs but
initiates vulval development (Hill and Sternberg, 1992). lacked lin-15 activity in other lineages could display a
LIN-3 activates the EGFR homolog LET-23 in the under- Muv phenotype. To account for the mosaic types they
lying VPCs (Aroian et al., 1990). The signal has the obtained, they proposed that the cellular focus of lin-
15 is in hyp7, the major hypodermal syncytium that en-
velops most of the animal (see Figure 1). They further*Correspondence: greenwald@cancercenter.columbia.edu
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Figure 1. VPC Specification andGeneticMo-
saic Analysis
(A) Schematic view of the signaling events
underlying vulval patterning. The anchor cell
(AC) of the gonad produces an inductive sig-
nal, LIN-3, which activates the EGF Receptor
homolog LET-23 and a Ras-MAPK cascade,
causing P6.p to adopt the 1 fate and to pro-
duce the lateral signal. The lateral signal acti-
vates the receptor LIN-12/Notch in P5.p and
P7.p, causing them to adopt the 2 fate and
to express negative regulators of the LET-23-
Ras-MAPK pathway. See text for citations.
(B) Schematic cross-section, showing the re-
lationship of the gonad, VPCs, and hyp7.
(C) Founder cell lineages, showing the embry-
onic origin of the gonad, VPCs, and hyp7.
Based on Sulston et al. (1983).
(D) Genetic mosaic in which arEx571 [lin-
35(), sur-5::gfp] has been lost only from the
ABp lineage.
(E) Genetic mosaic in which arEx571 [lin-
35(), sur-5::gfp] has been retained in the
VPCs, but lost in other lineages; these losses
included a loss thatwas confidently assessed
in Ca, and a loss that appeared to be within
ABa, both precursors to hyp7. In (D) and (E),
an arrow indicates the normal vulval invagi-
nation and a line indicates a pseudovulval in-
vagination.
proposed that hyp7 influences VPCspecification by pro- Mosaic Analysis of lin-35 Suggests a Cellular
Focus Other than the VPCsducing a signal that inhibits the adoption of vulval fates
and that this inhibitory signal is counteracted by the InC. elegans, mosaic analysis utilizes amarked genomic
fragment—either a free duplication derived from a chro-inductive signal in P5.p-P7.p, but not in P3.p, P4.p, and
P8.p. Genetic mosaic analyses have been used to sup- mosome or an extrachromosomal array derived by mi-
croinjection of DNA mixtures (reviewed in Yochem andport a hyp7 focus for the ClassBgene lin-37 (Hedgecock
and Herman, 1995) but a VPC focus for the Class B gene Herman, 2003). Spontaneous loss of the genomic frag-
ment in a precursor cell gives rise to a “clone” that lackslin-36 (Thomas and Horvitz, 1999). As discussed below,
mosaic analysis has some limitations for resolving this it, and the point of loss can be inferred based on the
absence of the marker in cells descended from the pre-particular issue. However, it may be that different Syn-
Muv genes have different cellular foci, making it all the cursor cell, as the lineage of C. elegans has been com-
more imperative to determine the cellular focus for pletely described.
each gene. Although mosaic analysis is a powerful approach for
Here, we have examined the cellular focus of lin-35 determining the cellular focus of gene activity (Yochem
Rb using genetic mosaic analysis and tissue-specific and Herman, 2003), perdurance of gene product made
expression. Our results indicate that lin-35 activity is prior to genomic fragment loss is always a potential
required in hyp7 and not in the VPCs to repress vulval issue. Furthermore, mosaic analysis has particular limi-
fates. Thus, LIN-35 does not appear to be working by tations for assessing a VPC versus hyp7 focus. First,
antagonizing the effects of the Ras pathway at target some hyp7 nuclei share an embryonic progenitor cell
gene promoters in the VPCs. Instead, our results imply with the VPCs (Figure 1C), so it is difficult to identify
that the relevant transcriptional targets for LIN-35 Rb mosaics that affect the VPCs without affecting hyp7.
are regulated in hyp7. Second, hyp7 is a large syncytium that arises from three
different embryonic progenitors (Figure 1C), so amosaic
lacking lin-35() activity in a subset of the progenitors ofResults and Discussion
hyp7 will have amixture of nuclei of different genotypes,
thereby complicating the correlation of genotype andThe best-characterized patterning events that lead to
phenotype. Third, the finding of a diffuse focus in morevulval development are the inductive signal from the
than one progenitor is consistent with a hyp7 focus, butanchor cell of the gonad and a lateral signal from P6.p
may also result if the focus is in multiple different cellsto its neighboring cells (Figure 1A). A role for hyp7 in VPC
from different lineages. Finally, many SynMuv genespatterning was suggested by Herman and Hedgecock
displaymaternal effects (Fergusonet al., 1987; Ferguson(1990). hyp7 is the major hypodermal syncytium and
and Horvitz, 1989), so maternal product may persist inenvelops the animal at the midbody, making direct con-
mosaics derived from loss of free duplications (as usedtact with the VPCs (Figure 1B). Note that the VPCs, in
in previous mosaic analyses of SynMuv genes).addition to having the potential to generate vulval cells,
are nonsyncytial hypodermal cells. Because of these potential difficulties in assigning a
lin-35 Rb Acts in Hypodermis
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site of action to hyp7, we performed mosaic analysis To support the inference based on visualization of
with the expectation of answering only a more limited fluorescent proteins, we also performed a functional
question: howdoes the absence or presence of lin-35() test. The let-60(n1046)mutation in the endogenous Ras
activity in the VPCs correlate with aMuv phenotype?We gene causes a highly penetrant Muv phenotype (Figure
screened for mosaics (see Experimental Procedures) 2C; Ferguson and Horvitz, 1985; Beitel et al., 1990). We
among progeny of transgenic lin-35(n745); lin-8(n111) found that lin-31p::let-60(n1046) causes ectopic vulval
hermaphrodites containing an extrachromosomal array induction, but dpy-7p::let-60(n1046) does not (Figure
(arEx571) that expresses LIN-35() under the control of 2C; H. Bu¨low, personal communication), suggesting that
its own regulatory sequences and pTG96 (which ex- dpy-7p does not drive expression in VPCs and lin-31p
presses SUR-5::GFP), which marks most somatic cells does. A potential caveat to this experiment is that ec-
(Yochem et al., 1998). This array fully rescues the pheno- topic induction may require a certain level of let-
type associated with loss of lin-35 activity (see Experi- 60(n1046) Ras expression that was not achieved in the
mental Procedures). We identified 10mosaic individuals dpy-7p lines. Nevertheless, the fluorescent protein ex-
that are pertinent to the issue of the cellular focus. Eight pression patterns and let-60(n1046) assays together
lacked lin-35() activity only in ABp, the progenitor to suggest that lin-31p and dpy-7p are suitable promoters
the VPCs; of these, three had normal vulval development for tissue-specific rescue experiments.
(see Figure 1D) and five had at least one ectopic pseu- We asked whether expression of lin-35() cDNA in
dovulval invagination, indicating that vulval induction the VPCs (using lin-31p) or in hyp7 (using dpy-7p) res-
does not correlate with the lin-35 genotype of a VPC. cues the Muv phenotype caused by lin-35(n745) in a lin-
In addition, we also identified two mosaic individuals 8(n111) Class A mutant background (Figure 2D). We
that had at least one ectopic pseudovulval invagination found that in six independent transgenic lines, expres-
that formed from SUR-5::GFP-expressing cells, and sion of dpy-7p::lin-35() efficiently rescued the Muv
hence retained lin-35() activity in the affected VPCs phenotype. As a control, we showed that a dpy-7p::lin-
(Figure 1E). These ten mosaic individuals together sug- 35(mutATG) construct in which the ATG is mutated so
gest that the focus of lin-35 is not in the VPCs. as to abrogate LIN-35 expression did not display rescue,
However, the two mosaic individuals that had GFP- indicating that LIN-35 expression is necessary for res-
labeled pseudovulval invaginations appeared to have cue. Conversely, in seven independent lines carrying
more than one point of loss of the extrachromosomal lin-31p::lin-35(), rescue was not seen. These results
array (e.g., see Figure 1E and Experimental Procedures), indicate that the cellular focus of lin-35 activity for VPC
underscoring the difficulty of defining a cellular focus specification is hyp7.
by mosaic analysis alone. We therefore used tissue-
specific rescue to resolve the ambiguity.
LIN-35 Is Expressed in hyp7 as Well
as Many Other Cell TypesTissue-Specific Expression Suggests a Cellular
While the pattern of protein expression alone is not suffi-Focus for lin-35 in hyp7
cient to conclude a cellular focus of action, it shouldTo perform tissue-specific rescue experiments, we
correlate with the functional rescue data. Several Classneeded to identify suitable promoters: a promoter ex-
B SynMuv genes appear to be broadly expressed (Lupressed inVPCsandnot hyp7andapromoter expressed
and Horvitz, 1998; Thomas and Horvitz, 1999; Ceol andin hyp7 and not VPCs. Furthermore, suitable promoters
Horvitz, 2001), and their expression pattern would beshould also be active specifically in their respective tis-
consistent with a function in either the VPCs or hyp7.sues long before VPC specification in the L3 stage, to
eliminate any potential concerns about the timing of Interestingly, however, the Class B SynMuv gene lin-
lin-35 function and LIN-35 production. Based on two 13—which encodes a zinc finger protein with an LXCXE
different tests, the promoters of the lin-31 and dpy-7 Rb-interacting motif—is strongly expressed in hyp7 and
genes appeared to be suitable for our purposes. is not readily detected in the VPCs (Mele´ndez and
The first testwas to visualize expressionusing fluores- Greenwald, 2000). Based on antibody staining, LIN-35
cent protein markers. The promoter of the lin-31 gene was previously reported to be present in vulval cells and
(lin-31p) has been widely used for specific expression absent from hyp7 (Lu andHorvitz, 1998).We reexamined
in VPCs (first described by Tan et al., 1998). As the time the question of where lin-35 is expressed by making a
course of expression from this promoter has not been functional LIN-35::GFP fusion protein in the context of
documented in the literature, we constructed a lin- the full-length genomic region (see Experimental Proce-
31p::cfp reporter and verified that it drives expression dures). We saw expression of LIN-35::GFP in the nuclei
from the L1 stage on, soon after the birth of the VPCs of hyp7 (Figure 3), as well as in the VPCs and many
until the time of induction (Figure 2A). To identify a pro- other cell types. We conclude that the pattern of LIN-35
moter suitable for hyp7 expression, we assessed four expression is consistent with the functional data sug-
different 5 flanking regions that had been reported to gesting a cellular focus in hyp7.
drive expression in hypodermis and found one, the
dpy-7 promoter (dpy-7p) (Gilleard et al., 1997; Bu¨low et
Conclusions and Future Prospectsal., 2004), that appeared to result in hyp7 expression
We have found that expression of lin-35() in hyp7 iswithout VPC expression (Figure 2B). We have observed
sufficient to rescue the SynMuv defect associated withthat dpy-7p::yfp is continuously expressed in hyp7 from
loss of lin-35 Class B activity in a Class A mutant back-the L1 stage on, and is not expressed in the parent P
ground. Our results constrain models for lin-35 genecells or in the VPCs at any time from their birth in the
L1 stage (Figure 2B). function in VPC specification. Specifically, LIN-35 Rb
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Figure 2. Tissue-Specific Rescue Experi-
ments
(A) The lin-31 promoter drives expression in
the VPCs and not in hyp7. Live hermaphro-
dites carrying arEx574 [lin-31p::2Xnls::cFp]
are shown at the L1, L2, and L3 stages; the
L3 stage is prior to VPC division. A similar
expression patternwas seenwith other extra-
chromosomal arrays (data not shown).
Arrows indicate the VPCs. CFP is visible in
the VPCs at all three stages.
(B) The dpy-7 promoter drives expression in
hyp7 and not in the VPCs. Live hermaphro-
dites carrying the arIs99 [dpy-7p::2Xnls::yfp]
transgene at the L1, L2, or L3 stages; the L3
stage is shown prior to VPC division. Expres-
sion is seen only in nuclei that have fused
with the hyp7 syncytium. A similar expression
pattern was seen with the arIs100 transgene
(data not shown). Lines indicate hyp7 nuclei.
We note that dpy-7p drives expression in
other hypodermal cells, but only hyp7 is close
to, and in contact with, the VPCs.
(C) Expression of activated let-60 Ras to test
putative hyp7- or VPC-specific promoters.
Each bar represents an independent trans-
genic line in which let-60(n1046) cDNA is ex-
pressed under the control of the hyp7-spe-
cific dpy-7 promoter or VPC-specific lin-31
promoter, in a wild-type background. The
hatched bar represents the penetrance of the
let-60(n1046) mutant for comparison. Wild-
type hermaphrodites never display ectopic
pseudovulvae; thus, the presence of one
pseudovulva or more is an indication of ec-
topic Ras activation. Thus, the number of her-
maphrodites displaying 1 or more pseudovul-
vae/total scored is shown as % ectopic
induction.
(D) Assessing rescue of the lin-35(-) pheno-
type by tissue-specific expression of lin-
35() in hyp7 or the VPCs. Each bar repre-
sents an independent transgenic line in which
lin-35() is expressed using the hyp7-spe-
cific promoter dpy-7p or the VPC-specific
promoter lin-31p, in a lin-35(n745); lin-8(n111)
background. dpy-7::lin-35(mutATG) is a neg-
ative control in which the ATG of lin-35 cDNA
is mutated. lin-35; lin-8 hermaphrodites al-
ways display at least two pseudovulvae; thus,
a reduction in the number to 1 or 0 is an indication of rescue. Thus, the number of hermaphrodites displaying 1 or 0 pseudovulvae/total
scored is shown as % rescue. For the six lines carrying dpy-7p::lin-35 arrays, the percentages of hermaphrodites with 0 pseudovulvae were
52%, 54%, 31%, 84%, 47%, and 60%, in order of appearance in the figure. Note that we also spot-checked transgenic hermaphrodites to
verify that the lack of a pseudovulva reflected the lack of vulval induction and not a morphogenesis defect.
does not antagonize Ras activity by competition at tar- are normally repressed to allow P3.p, P4.p, and P8.p to
adopt nonvulval fates, and that in lin-35 mutants, theseget gene promoters that act in the VPCs. Instead, our
results imply that the relevant transcriptional targets for target genes are derepressed to promote vulval fates.
In Figure 4A, we diagram two examples of how lin-35LIN-35 Rb are expressed in hyp7.
An important challenge for the future will be to identify may regulate secreted signals that are received by the
VPCs. One signal is the previously postulated “inhibitorythese target genes. LIN-35 seems likely to function as
a transcriptional repressor in vulval development, based signal” (Herman and Hedgecock, 1990). If LIN-35 regu-
lates the expression of an inhibitory signal, however, iton the well-established role of Rb in mammalian cells
(reviewed in Frolov and Dyson, 2004); furthermore, other must be through repression of a negative regulator of
inhibitory signal production, as the phenotype associ-SynMuv genes include orthologs of E2F and histone
deacetylase (Lu and Horvitz, 1998; Ceol and Horvitz, ated with loss of lin-35 activity is more vulval induction.
Another type of hypothetical signal may promote VPC2001), which are also associated with Rb-mediated re-
pression in mammalian systems. We therefore would competence or potentiate the response to the inductive
signal. Such a positive factor may be a novel ligand thatexpect that the direct targets of LIN-35 are factors that
lin-35 Rb Acts in Hypodermis
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Experimental Procedures
Strains and Genetic Analysis
Caenorhabditis elegans var. Bristol strain N2 (Brenner, 1974) was
the wild-type parent strain of all mutants and markers used. Proper-
ties of the lin-35(n745) Class B and lin-8(n111) Class A SynMuv
mutations and the double mutant are described in Ferguson et al.
(1987), Ferguson and Horvitz (1989), and Lu and Horvitz (1998).
The recipients used for creating transgenes were N2, CB1282 [dpy-
Figure 3. hyp7 Expression of LIN-35::GFP 20(e1282ts)], and GS3660 [lin-35(n745)/dpy-5(e61); lin-8(n111)]. All
strains were grown at 20C, unless otherwise indicated.Transgenic worms carrying the extrachromosomal array arEx572
[LIN-35::GFP; ceh-22::gfp] in an N2 backgroundwere grown at 25C.
A live L3 hermaphrodite with LIN-35::GFP accumulation in hyp7 Constructs
nuclei (left) is shown here; the Nomarski image (right) of the same dpy-7p Derivatives
individual is also shown. All constructs containing the dpy-7 promoter sequence were made
using the region between the HindIII and XmaI restriction sites of
“pdpy-7::gfp” (Bu¨low et al., 2004). The identical promoter fragment
activates LET-23 or perhaps theWnt signal transduction was used to drive expression of YFP containing two nuclear localiza-
pathway, which also promotes vulval fates (Gleason et tion signals (2NLS::YFP) (Yoo et al., 2004); lin-35() cDNA (derived
from a plasmid made by Alicia Mele´ndez from a cDNA originallyal., 2002).
obtained from Lu and Horvitz, 1998); lin-35(mutATG) cDNA; or let-In Figure 4B, we diagram ways that lin-35 activity may
60(n1046) cDNA (derived from “pdpy-7::let-60(gf)” plasmid, de-act within hyp7 in view of the observation that SynMuv
scribed in Bu¨low et al., 2004). To make dpy-7p::lin-35(mutATG), the
gene activity normally promotes fusion of VPCs and their ATG of the lin-35() cDNA was mutated to GCG using site-directed
daughters that have not been induced to adopt vulval mutagenesis by PCR amplification (Expand Long, Roche) of the
fates with hyp7 (Chen and Han, 2001). For example, region between the NheI and MfeI sites of dpy-7::lin-35(); this
fragment was then subcloned into the NheI and MfeI sites of dpy-lin-35 plays a role in the regulation of the G1/S-phase
7p::lin-35().transition in C. elegans (Boxem and van den Heuvel,
lin-31p Derivatives2002; Fay et al., 2002) as it does in mammals (reviewed
Constructs were generated by cloning cDNAs described above into
by Frolov and Dyson, 2004). Perhaps perturbation of the the NotI site of pB253 (Tan et al., 1998). For lin-31p::2Xnls::cfp, the
cell cycle of hyp7 in lin-35 mutants negatively impacts cfp cDNA was digested with SalI-EagI and cloned into the SalI-NotI
on its ability to receive new cells into the syncytium. site of pB253.
lin-35g::gfp Rescuing ConstructOr, perhaps lin-35 activity influences the expression of
Previously, rescue of lin-35(n745) by a cosmid had been describedfusion-promoting factors such as eff-1, which is both
(Lu and Horvitz, 1998). In order to identify a smaller fragment thatnecessary and sufficient for cell fusion (Shemer et al.,
was sufficient to rescue lin-35(n745), we tested a 10.1 kb genomic
2004). These examples illustrate how effects on hyp7 fragment that encompasses the lin-35 coding region, including 5
may enable VPCs or their daughters to have increased upstream and 3 downstream flanking regions, up to but not includ-
competence to respond to signals that promote vulval ing neighboring genes. This 10.1 kb fragment was PCR amplified
(Expand Long, Roche) from an N2 genomic extract, cloned intofates.
TOPO XL (Invitrogen), and then subcloned into pBluescript IIThe SynMuv genes have many unusual genetic prop-
KS(/) using KpnI and NotI restriction sites to make lin-35gpBS.erties (reviewed in Fay and Han, 2000), and it is not clear
This construct proved to contain all sequences necessary for effi-
how the functional redundancy inferred from genetic cient rescue of lin-35(n745) (see below). The gfp coding sequence
analysis will correlate with the physical structure of the was then cloned directly following the ATG of lin-35 by homologous
complex or complexes that the gene products form. recombination (Yu et al., 2000).
Determining the cellular focus of each SynMuv gene
Transgenic Linesis essential to clarify its role in VPC specification. The
All dpy-7p constructs were microinjected at a concentration of 10approach we have described here should be useful for
g/ml (as in Bu¨low et al., 2004), along with a marker (20 g/ml) anddetermining whether different SynMuv genes have dif-
pBluescript (70 g/ml). The marker used for dpy-7p::2Xnls::yfp wasferent cellular foci, and how the cellular focus of a Syn- plasmid pCW2.1 [ceh-22::gfp] (Okkema et al., 1997), and the marker
Muv gene correlates with its genetic behavior. used for all other dpy-7p-containing constructswaspPD95.87 [myo-
3::gfp] (Fire Vector Kit, 1995).
All lin-31p constructs were microinjected at a concentration of
100 g/ml (as in Tan et al., 1998) along with pPD95.87 [myo-3::gfp]
(20 g/ml; Fire Vector Kit, 1995), except for lin-31p::cfp, which was
injected at a concentration of 50 g/ml along with pMH86 (40 g/ml;
Han and Sternberg, 1991) and pCW2.1 [ceh-22::gfp] (20 g/ml; Ok-
kema et al., 1997) into dpy-20(e1282) recipients.
The recipient strain for the dpy-7p::2Xnls::yfp, dpy-7p::let-
60(n1046), and lin-31p::let-60(n1046) constructs was N2. Individual
F1 worms were selected for the presence of GFP in the pharynx
(dpy-7p::2Xnls::yfp) or body wall muscle [dpy-7p::let-60(n1046) and
lin-31p::let-60(n1046)] to establish independent extrachromosomal
transgenic lines. The recipient strain for constructs expressing lin-35
cDNAs was GS3660 [lin-35(n745)/dpy-5(e61); lin-8(n111)]. Individual
F1wormswere selected for the presence of GFP in bodywall muscle
Figure 4. Potential Relationship of LIN-35 to Target Genes and Fac- to establish independent extrachromosomal lines homozyogous for
tors that Impact on VPC Specification lin-35(n745); lin-8(n111), as indicated either by presence of the Muv
phenotype and/or nonsegregation of Dpy progeny.See text for further details.
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The extrachromosomal array arEx573, formed from lin-35g::gfp elegans ras gene let-60 acts as a switch in the pathway of vulval
induction. Nature 348, 503–509.(60 g/ml) and pCW2.1[ceh-22::gfp] (20g/ml) was shown to rescue
the Muv phenotype of lin-35(n745); lin-8(n111): 99% of individuals Boxem, M., and van den Heuvel, S. (2002). C. elegans class B syn-
scored (n  92) were non-Muv. The same mix was injected into an theticmultivulva genes act in G(1) regulation. Curr. Biol. 12, 906–911.
N2 background and independent lines were isolated as described
Brenner, S. (1974). The genetics ofCaenorhabditis elegans. Geneticsabove.
77, 71–94.
Bu¨low, H.E., Boulin, T., and Hobert, O. (2004). Differential functionsMosaic Analysis
of the C. elegans FGF receptor in axon outgrowth and maintenanceThe extrachromosomal array arEx571was created through microin-
of axon position. Neuron 42, 367–374.jection of the rescuing lin-35gpBS construct described above (60
Ceol, C.J., and Horvitz, H.R. (2001). dpl-1 DP and efl-1 E2F act withg/ml) with the SUR-5::GFP marker pTG96 (80–100 g/ml; Yochem
lin-35 Rb to antagonize Ras signaling in C. elegans vulval develop-et al., 1998) into lin-35(n745)/dpy-5(e61);lin-8(n111). arEx571 res-
ment. Mol. Cell 7, 461–473.cued the Muv phenotype of lin-35(n745); lin-8(n111) worms in 97%
of individuals scored (n  122); note that the remaining 3% could Ceol, C.J., and Horvitz, H.R. (2004). A new class of C. elegans syn-
in principle be mosaics. We note that some arrays carrying lin- Muv genes implicates a Tip60/NuA4-like HAT complex as a negative
35::gfp and SUR-5::GFP displayed efficient rescue of the Muv phe- regulator of Ras signaling. Dev. Cell 6, 563–576.
notype but erratic expression of SUR-5::GFP in a lin-35(n745) back-
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